The hydrogen pressure dependence of structural changes in C15 Laves phases TbM 2 (M = Fe, Co and Ni) were investigated between 0.1 and 5.0 MPa H 2 in order to elucidate conditions and the mechanism of hydrogen induced amorphization (HIA). General thermal reactions occur on heating as follows; hydrogen absorption in the crystalline state, hydrogen-induced amorphization (HIA), precipitation of TbH 2 (or TbNi 5 H x ) and decomposition of the remaining amorphous alloys. Exceptionally, a single-phase amorphous a-TbFe 2 H x was not formed below 0.2 MPa H 2 in TbFe 2 , because HIA and precipitation of TbH 2 simultaneously occurred. On the other hand, a single-phase a-TbNi 2 H x was not formed below 1.0 MPa H 2 because of the low hydrogen contents in c-TbNi 2 H x . The present work indicates that hydrogen absorption more than 1.0 (H/M) is essential for the occurrence of HIA in the C15 Laves phases TbM 2 .
Introduction
Hydrogen-induced amorphization (HIA), i.e., the formation of amorphous hydrides by hydrogen absorption has been observed in many intermetallic compounds having the C15, B8 2 , C23, D0 19 and L1 2 structures and containing a large amount of a hydride-forming element. [1] [2] [3] [4] [5] [6] [7] [8] Among these amorphizing compounds, HIA of C15 Laves phases RM 2 (R = rare earth metal, M = Fe, Co, Ni) is particularly interesting, because they contain industrially important magnetic elements, and both crystalline and amorphous hydrides are formed depending on the hydrogenation temperature. Although the effect of hydrogen absorption on magnetic properties of C15 Laves phases RFe 2 has been extensively investigated by many groups, [9] [10] [11] conditions and the mechanism of HIA in RFe 2 are still unclear. Recently, Aoki et al. have clarified the origins of thermal peaks of C15 Laves phases RFe 2 during heating in 1.0 MPa H 2 . 12, 13) According to them, hydrogen absorption, HIA, precipitation of RH 2 and decomposition occur exothermically with increasing temperature in RFe 2 (R = Y, Sm, Gd, Tb, Dy and Ho). A single-phase crystalline c-RFe 2 H x and amorphous a-RFe 2 H x are formed at low temperatures and at intermediate temperatures, respectively, in these alloys. On the other hand, both hydrogen absorption and HIA occur simultaneously in CeFe 2 , but both HIA and precipitation of ErH 2 occur simultaneously in ErFe 2 . However, it is still unclear whether or not these reactions depend on the hydrogen pressure. In the present work, the hydrogen pressure dependence of structural changes of C15 Laves phase TbM 2 (M = Fe, Co, Ni) heated in a hydrogen atmosphere is investigated and compared in order to elucidate conditions and the mechanism of HIA of these compounds.
Experimental
TbM 2 (M = Fe, Co and Ni) alloys were prepared by arc melting using high-purity metals, Fe (99.99 mass%), Co (99.95 mass%), Ni (99.99 mass%) and Tb (99.9 mass%) in a purified argon atmosphere. The ingots were homogenized in order to obtain single-phase samples at 973 K for 1 week in an evacuated quartz tube. Powder samples were thermally analyzed using the pressure differential thermal analysis (P-DTA) in a hydrogen (99.99999%) atmosphere of 0.1-5.0 MPa at a heating rate of 20 K/min. The origin of thermal peaks was determined by heating the samples to respective stages in the P-DTA and followed by rapid cooling, and by subjecting them to a powder X-ray diffractometry (XRD), a conventional differential scanning calorimetry (Ar-DSC) in a flowing argon atmosphere and a hydrogen analysis. Figure 1 shows P-DTA curves of TbFe 2 heated in a hydrogen atmosphere from 0.1 to 5.0 MPa. Four and three exothermic peaks are observed above 0.5 MPa H 2 and below 0.2 MPa H 2 , respectively. In addition, a broad endothermic peak (below the broken line) is observed in the P-DTA curves. The first, the second and the third exothermic peaks are considerably sharp, while the fourth one is broad. Figure 2 shows the P-DTA curve of TbFe 2 heated in 1.0 MPa H 2 and the change in the hydrogen content. The arrows in this figure denote the temperatures to which the samples were heated and then cooled. Figure 3 shows XRD patterns of TbFe 2 heated to respective stages of P-DTA in 1.0 MPa H 2 . The XRD pattern of original TbFe 2 indicates that this alloy has the C15 Laves structure. The XRD pattern of the sample heated to above the first exothermic peak (to 445 K) shows Bragg peaks of a rhom- bohedral structure. The hydrogen content of this sample is 1.53 (H/M). From XRD and the hydrogen analysis, the first exothermic peak is concluded to result from hydrogen absorption in the crystalline state. The resultant crystalline hydride is expressed as crystalline c-TbFe 2 H 4.6 . The hydrogen content decreases from 1.53 to 1.48 (H/M) by the endothermic peak, so that the endothermic peak is due to hydrogen desorption in the crystalline state. The Bragg peaks disappear and are replaced by a broad peak in the sample heated to above the second exothermic peak (to 570 K). The Ar-DSC curve of this sample shows two exothermic peaks of crystallization (not shown). From XRD and Ar-DSC, we can see that the sample heated to above the second exothermic peak is amorphous. That is, the second exothermic peak results from the transformation from c-TbFe 2 H x to amorphous a-TbFe 2 H x , i.e., HIA. Broad Bragg peaks of TbH 2 appear overlapping with the broad peak in the sample heated to above the third exothermic peak (to 660 K), so that the third exothermic peak results from precipitation of TbH 2 in the amorphous phase. The XRD pattern of the sample heated to above the fourth exothermic peak (to 773 K) is indexed on the basis of α-Fe and TbH 2 , so that the fourth exothermic peak results from decomposition of the remaining amorphous phase into α-Fe and TbH 2 .
Results

Structural change in TbFe 2
The XRD measurements indicate that the first and the third exothermic peak of TbFe 2 heated in 0.2 MPa H 2 results from hydrogen absorption and decomposition of the amorphous alloy, respectively. On the other hand, the XRD pattern of TbFe 2 heated to above the second exothermic peak heated in 0.2 MPa H 2 is similar to that heated to above the third exothermic peak in 1.0 MPa H 2 (not shown). In addition, the lines connecting the peak temperature of the second exothermic reaction and the third exothermic reaction intersect below 0.2 MPa H 2 as seen in Fig. 1 . Consequently, we can see that precipitation of TbH 2 is simultaneous with HIA at the second exothermic peak in 0.2 MPa H 2 . Figure 4 shows structures of TbFe 2 heated in a hydro-gen atmosphere between 0.1 and 5.0 MPa. The single-phase a-TbFe 2 H x is formed above 0.5 MPa H 2 and in the intermediate temperature range. Figure 5 shows the change in the hydrogen content of TbFe 2 . Here, filled marks denote a single-phase amorphous alloy. The hydrogen content in TbFe 2 heated to above the first and the second exothermic peak is about 1.4-1.5 (H/M) and about 1.0-1.2 (H/M), respectively, for every hydrogen pressure. The hydrogen content decreases rapidly just before HIA. Figure 6 shows P-DTA curves of TbCo 2 heated in a hydrogen atmosphere between 0.1 and 5.0 MPa. Four exothermic peaks as well as one endothermic peak (below the broken line) are observed independent of the hydrogen pressure. The first and the third exothermic peaks are considerably sharp, while the other exothermic peaks are broad and indistinct. The hydrogen analysis indicates that the endothermic peak is due to hydrogen desorption in the crystalline state. Figure 7 shows the P-DTA curve of TbCo 2 heated in 1.0 MPa H 2 and the change in the hydrogen content. The hy- drogen content decreases gradually with increasing temperature. Figure 8 shows XRD patterns of TbCo 2 heated to respective stages of PDTA in 1.0 MPa H 2 . The XRD pattern of original TbCo 2 indicates that this alloy is the C15 Laves phase. The XRD pattern of the sample heated to above the first exothermic peak (to 420 K) shows Bragg peaks of c-TbCo 2 H x with the Be 3 Nb type structure. The hydrogen content is 1.40 (H/M). Consequently, the first exothermic peak results from hydrogen absorption in the crystalline state. The Bragg peaks disappear and are replaced by a broad peak in TbCo 2 heated to above the second exothermic peak (to 610 K). The Ar-DSC curve of this sample shows an exothermic peak of crystallization around 650 K (not shown). From XRD and Ar-DSC, we can see that the second exothermic peak results from HIA. Similarly, XRD and Ar-DSC experiments indicate that the third and the fourth exothermic peak results from precipitation of TbH 2 and decomposition of the remaining amorphous alloy into β-Co and TbH 2 , respectively. Figure 9 shows structures of TbCo 2 heated in a hydrogen atmosphere between 0.1 and 5.0 MPa. The single-phase a-TbCo 2 H x is formed in the intermediate temperature range independent of the hydrogen pressure. Figure 10 shows the change in the hydrogen content of TbCo 2 . The hydrogen content in TbCo 2 H x heated to above the first and the second exothermic peak is about 1.15-1.4 (H/M) and about 0.9-1.1 (H/M), respectively. That is, the hydrogen content is considerably reduced in the crystalline state. Figure 11 shows P-DTA curves of TbNi 2 heated in a hydrogen atmosphere between 0.2 and 5.0 MPa. The first exothermic peaks are relatively large and sharp, but the other ones are small and indistinct. Figure 12 shows the P-DTA curve of TbNi 2 heated in 2.0 MPa H 2 and the change in the hydrogen content. Three exothermic peaks and one sharp endothermic one are observed. The second exothermic peak is small and has a shoulder in the lower temperature side. Figure 13 shows XRD patterns of TbNi 2 heated to respective stages of P-DTA in 2.0 MPa H 2 . The XRD pattern of original TbNi 2 indicates that this alloy is the C15 Laves phase. The XRD pattern of the sample heated to above the first exothermic peak (to 440 K) shows Bragg peaks of c-TbNi 2 H x with the Be 3 Nb type structure. The hydrogen content of this sample is 1.0 (H/M). From XRD and the hydro- gen analysis, we can see that the first exothermic peak results from hydrogen absorption in the crystalline state. The XRD pattern of TbNi 2 heated to the middle point (540 K) of the second exothermic peak shows the Bragg peaks of TbNi 2 H x with the Be 3 Nb type structure overlapping with the broad peak of the amorphous phase. The Bragg peaks disappear and are replaced by a broad peak on heating to above the second exothermic peak (to 590 K). The Ar-DSC curve of this sample shows an exothermic peak of crystallization around 640 K (not shown). These experimental results indicate that the transformation from c-TbNi 2 H 3 to a-TbNi 2 H 3 occurs slowly without loss of hydrogen. New broad Bragg peaks of TbNi 5 H x appear overlapping with the broad peak in the sample heated to above the third exothermic peak (to 710 K). Consequently, the third exothermic peak results from precipitation of TbNi 5 H x in the amorphous phase. XRD, Ar-DSC and the hydrogen analysis indicate that the endothermic peak around 740 K is due to decomposition of the remaining amorphous alloy to TbH 2 and TbNi 5 H x . Figure 14 shows XRD patterns of TbNi 2 heated to 573 K in 0.2-5.0 MPa H 2 . The hydrogen content heated in 0.2 MPa H 2 is only 0.43 (H/M). The Bragg peaks shift slightly to the low angle side, indicating that hydrogen is absorbed forming a solid solution. In addition, a small broad peak is observed around 30 degrees, suggesting the existence of the amorphous phase. This experimental result implies that c-TbNi 2 H x coexist with a-TbNi 2 H x . The intensity of the Bragg peaks and the broad peak decreases and increases, respectively, with increasing hydrogen pressure below 1.0 MPa H 2 . Figure 15 shows structures of TbNi 2 heated in a hydrogen atmosphere between 0.1 and 5.0 MPa. Single-phase a-TbNi 2 H x is formed in the intermediate temperature region and above 2.0 MPa H 2 . Figure 16 shows the change in the hydrogen content in the TbNi 2 system. When the hydrogen pressure is higher than 2.0 MPa, c-TbNi 2 H x is formed at the first exothermic peak and transforms to a-TbNi 2 H x on heating. In this formula, x is about 1.0-1.2 (H/M) and 0.9-1.0 (H/M) for the crystalline and amorphous hydride, respectively. Hydrogen is gradually desorbed in this case. On the contrary, when the hydrogen pressure is lower than 0.5 MPa H 2 , the hydrogen content of the sample heated to above the first exothermic peak is less than 1.0 (H/M).
Structural change in TbCo 2
Structural changes in TbNi 2
Discussion
Structural changes of C15 Laves phases TbM 2 (M = Fe, Co, Ni) heated in a hydrogen atmosphere between 0.1 and 5.0 MPa have been investigated in the present work. TbM 2 alloys absorb hydrogen at the first exothermic peak for every hydrogen pressure. Hydrogen absorbed c-TbM 2 H x transforms to a-TbM 2 H x at the second exothermic peak on heating. TbH 2 precipitates in the amorphous alloy at the third exothermic peak in TbFe 2 and TbCo 2 , but TbNi 5 H x precipitates in TbNi 2 . The remaining amorphous phase decomposes into TbH 2 and pure metal (Fe or Co) in TbFe 2 and TbCo 2 , while it does into TbH 2 and TbNi 5 H x in TbNi 2 . Thus, there is a large difference in precipitation and decomposition behaviors between in TbFe 2 (TbCo 2 ), and TbNi 2 . Similar experimental results have been observed in C15 Laves phases GdM 2 (M = Fe, Co, Ni).
14) The difference in the crystallization products may be explained as follows. Since the formation enthalpy of TbFe 2 and TbCo 2 is negatively smaller than that of TbH 2 , a-TbFe 2 H x and a-TbCo 2 H x must decompose into TbH 2 and pure metals. On the contrary, the formation enthalpy of TbNi 2 is negatively larger than that of TbH 2 , a-TbNi 2 H x cannot decompose into TbH 2 and Ni. As a result, a-TbNi 2 H x crystallizes into TbH 2 and TbNi 5 H x .
As the hydrogen pressure increases, i.e., the chemical po- tential of hydrogen becomes large, the temperature for hydrogen absorption, HIA and decomposition of the amorphous alloy shifts to the low temperature side in TbFe 2 as seen in Fig. 4 As the hydrogen pressure increases, the peak temperature for hydrogen absorption and decomposition of the amorphous phase shifts to the low temperature side in TbCo 2 . Although the temperature for HIA and precipitation of TbH 2 shifts slightly to the lower temperature side above 0.2 MPa, they go roughly side by side. Consequently, HIA and precipitation of TbH 2 occur separately in the TbCo 2 system.
As the hydrogen pressure increases, the peak temperature for hydrogen absorption and HIA (above 2.0 MPa H 2 ) shifts to the low temperature side in TbNi 2 . On the contrary, the peak temperature for precipitation of TbNi 5 H x and decomposition of the amorphous alloy shifts to the high temperature side. Consequently, it is suggested that precipitation of TbNi 5 H x be not controlled by the diffusion of either hydrogen or Tb, but by diffusion of Ni atoms. The hydrogen content in c-TbM 2 H x (M = Fe, Co) is about 1.4 (H/M) and is reduced by HIA. On the other hand, the hydrogen content in c-TbNi 2 H x is less than 1.0 (H/M) below 1.0 MPa H 2 . From these results, it is proposed HIA occurs when the hydrogen content in the crystalline phases is much more than that 1.0 (H/M). Since the hydrogen content in c-TbNi 2 H x is lower than 1.0 (H/M), HIA does not occur below 1.0 MPa H 2 .
Summary and Conclusions
Structural changes of C15 Laves phases TbM 2 (M = Fe, Co, Ni) on heating in a hydrogen atmosphere between 0.1 and 5.0 MPa were investigated using a pressure differential thermal analyzer (P-DSC), a powder X-ray diffractometer (XRD), a differential scanning calorimeter (DSC) and a hydrogen analyzer. For M = Fe, hydrogen absorption in the crystalline state, HIA, precipitation of TbH 2 and decomposition of the remaining amorphous alloy into α-Fe and TbH 2 occurred exothermally with increasing temperature above 0.5 MPa H 2 . HIA and precipitation of TbH 2 simultaneously occurred below 0.2 MPa H 2 . For M = Co, hydrogen absorption, HIA, precipitation of TbH 2 and decomposition of the remaining amorphous alloy into β-Co and TbH 2 occurred for every hydrogen pressure. For M = Ni, hydrogen absorption, HIA, precipitation of TbNi 5 H x and decomposition of the remaining amorphous alloy into TbNi 5 H x and TbH 2 occurred above 2.0 MPa H 2 . The present work indicates that hydrogen absorption more than 1.0 (H/M) is essential for the occurrence of HIA in the C15 Laves phases TbM 2 .
